Dandy-Walker malformation (DWM), the most common human cerebellar malformation, has only one characterized associated locus 1, 2 . Here we characterize a second DWM-linked locus on 6p25.3, showing that deletions or duplications encompassing FOXC1 are associated with cerebellar and posterior fossa malformations including cerebellar vermis hypoplasia (CVH), megacisterna magna (MCM) and DWM. Foxc1-null mice have embryonic abnormalities of the rhombic lip due to loss of mesenchyme-secreted signaling molecules with subsequent loss of Atoh1 expression in vermis. Foxc1 homozygous hypomorphs have CVH with medial fusion and foliation defects. Human FOXC1 heterozygous mutations are known to affect eye development, causing a spectrum of glaucoma-associated anomalies (AxenfeldRieger syndrome, ARS; MIM no. 601631). We report the first brain imaging data from humans with FOXC1 mutations and show that these individuals also have CVH. We conclude that alteration of FOXC1 function alone causes CVH and contributes to MCM and DWM. Our results highlight a previously unrecognized role for mesenchymeneuroepithelium interactions in the mid-hindbrain during early embryogenesis.
Malformations of the cerebellum are common, heterogeneous human birth defects with chromosomal, single-gene and complex inheritance [1] [2] [3] . CVH, MCM and DWM are generally classified as separate disorders, but they overlap in appearance, and it remains unclear whether they represent distinct entities or share a common pathogenesis 1, 3, 4 . We found reports supporting four classic DWM-associated loci, including chromosome 3q24 and 6p25.3, with brain imaging documentation (Supplementary Table 1 ). We previously identified heterozygous deletion of ZIC1 and ZIC4 on 3q24 as the first molecularly defined cause of classic DWM (MIM no. 220200) 2 and mapped a second locus to a 1.8-Mb critical region on 6p25. 3 (refs. 5,6) .
To define this second locus, we obtained brain imaging studies and mapped the breakpoint in 12 individuals with deletion and 6 with duplication of 6p25.3, all ascertained because of multiple congenital anomalies, especially eye malformations consistent with ARS. Anterior chamber dysgenesis was observed in 17/18 affected individuals 5, [7] [8] [9] , but too few details were available to compare severity (data not shown). We have even fewer data regarding the retina, although two of the affected individuals had microphthalmia with posterior colobomas. Further, most were examined at a single time point, whereas the ocular abnormalities associated with ARS are known to vary with time (for example, progressive iris alterations or development of glaucoma between 0 and 40 years). Both of these factors limit genotype-phenotype correlation. Brain imaging studies were previously reported for only 5/18 of these individuals 5, 8 . Data illustrated in the first two figures include copy number variants (CNVs), known genes in the region (Fig. 1 ), brain phenotype details ( Table 1 ) and imaging studies (Fig. 2) . One affected individual reported to harbor a telomeric deletion 8 proved upon after oligonucleotide array analysis to have a 450-kb segmental deletion ( Supplementary Fig. 1 ). Among the 12 individuals with deletions, 4 were de novo, 3 derived from parental translocations, 2 familial and 3 of unknown origin ( Table 1) . The duplications were inherited from a common founder 9 .
In general, the brain imaging studies show four overlapping malformation groups: in order of severity, classic DWM, mild DWM, MCM and isolated CVH. The six affected individuals with large deletions involving at least seven genes (IRF4 to GMDS) have the most severe brain phenotypes, with classic DWM in four and mild DWM in another. The sixth has normal vermis size but other subtle defects (Supplementary Note). The four individuals with smaller deletions involving the forkhead transcription factor FOXC1 and all or part of GMDS (GDP-mannose-4,6-dehydratase) have less severe phenotypes, with mild DWM in the two individuals with 450-and 870-kb deletions and even less severe MCM or CVH in the sibs with the 30-kb deletion.
Our combined genotype and phenotype data show consistently more severe phenotypes among individuals with large compared to small deletions, which implicates contributions from more than one causative gene in the region. Further, all 12 affected individuals had deletions of FOXC1 plus at least two exons of GMDS, implicating one or both of these genes as having a previously unrecognized role in cerebellar development. This conclusion is further supported by the results of brain imaging in six affected individuals with small (B492-kb) duplications (FOXF2-FOXC1-GMDS), who also showed MCM or CVH, much like the individuals with the smallest 6p25.3 deletions.
We concurrently evaluated the developmental expression profiles of the eight known genes in the 1.8-Mb initial DWM critical region in mice and examined cerebellar morphology in available mutants (Supplementary Table 2 ). Neither Gmds nor Foxc1 are expressed in the developing brain, although Foxc1 is expressed in the mesenchyme covering the developing cerebellum (Fig. 3a,b and data not shown). We found that Foxc1-mutant mice have a marked cerebellar malformation (Figs. 3-5 ), supporting our hypothesis that FOXC1 is involved in human 6p25.3 associated DWM.
The Foxc1 gene is widely expressed in mesenchyme and its protein product participates in a broad range of developmental processes including somatic, cardiovascular, kidney, eye, skull and cortical development, but no cerebellar phenotypes have been associated with mutations in this gene [10] [11] [12] [13] [14] [15] . It is never expressed in the cerebellum itself, but it is expressed in the adjacent posterior fossa mesenchyme starting from 
LR08-198
De novo e 2i M 0.45
Phenotype data are grouped by mutation type. Figure 2 showing the subject's midline sagittal MRI. h CNV, copy number variants (size listed in Mb) or FOXC1 mutation, listed as the protein (amino acid) change. i Large visible deletions of chromosome 6q25 by clinical karyotype analysis indicated as 45 Mb, although no molecular studies were performed. j Cerebellar vermis size is graded as mild (k) or moderate to severe (kk) hypoplasia. k Upward rotation (rot) of the vermis is graded as mild (m) or moderate to severe (mm). l Posterior fossa (PF) enlargement is graded as mild (m) or moderate to severe (mm). m Brain imaging diagnosis (DX) is designated as typical (CVH) or mild (cvh) cerebellar vermis hypoplasia, classic (DWM) or mild (dwm) Dandy-Walker malformation, or mega-cisterna magna (MCM), which also includes mild hypoplasia of the posterior vermis. 'Text', see Supplementary Note for diagnosis. n Corpus callosum (CC) size is graded as normal (À) or as short (+) consistent with mild partial agenesis. o Meningeal defects (Men def) present as inappropriate interdigitation of right-and left-sided cerebral gyri secondary to deficiency of the falx cerebri, as medial and anterior displacement of medial parietal gyri into the potential space located between the splenium of the CC and cerebellar vermis secondary to deficiency of the tentorium cerebelli, or both. p Abnormal white matter (WM) signal on T 2 or Flair sequences typically correspond to prominent perivascular spaces (+), although one aged subject had more severe changes (++).
embryonic day (E) 11.5 (data not shown). The earliest defect we observed in Foxc1-null (Foxc1 -/-) mouse embryos was an enlarged fourth ventricle roof plate at E12.5 ( Fig. 3c-e) . By E14.5, the cerebellar rhombic lip induced by the rhombomere 1 roof plate was disorganized (Fig. 3g) , with the presumptive external granule layer (EGL) forming a clump rather than a thin layer covering the nascent cerebellum. By E17.5, the Foxc1 -/-cerebellum was small, lacked posterior foliation and showed deficient midline fusion (Fig. 3i) . Later stages could not be examined due to perinatal lethality. The roof plate and rhombic lip are transient embryonic structures required for proper cerebellar development [16] [17] [18] . Results from molecular analyses of early roof plate and rhombic lip specification, induction ( Supplementary Figs. 2 and 3 ) and anlage proliferation (data not shown) in Foxc1 -/-embryos were normal. We next examined markers of differentiating cell types that arise in successive waves from the rhombic lip 1, 19 . At E12.5, ectopic Ttr + choroid plexus epithelium spanned the midline roof plate in Foxc1 -/-embryos (Fig. 4a) , correlating with the roof plate morphologic change. At E14.5, Tbr1 + deep cerebellar nuclei cells were normal (Supplementary Fig. 4) , an expected finding as these cells are generated and migrate from the rhombic lip before the E11.5 onset of posterior fossa Foxc1 expression. Expression of Atoh1 (previously Math1), a marker of rhombic lip and EGL cells, was normal at E12.5, but medial expression was lost by E14.5 (Fig. 4b) . The Atoh1 -cells in the medial EGL domain were Zic1 + and Pax6 + , and they continued to proliferate, confirming their EGL identity ( Supplementary Fig. 4 and data not shown). The failure of EGL migration was not accounted for by substrate loss, as the basement membrane at the pial surface of the cerebellum was intact at E14.5. Eomes + (previously Tbr2 + ) unipolar brush cells, the last derivative to leave the rhombic lip, were present in Foxc1 -/-embryos at E18.5 but did not migrate away from the rhombic lip (Fig. 4c) . Many of these phenotypes can be attributed to loss of medial Atoh1 expression 20 . Together, our data demonstrate that Foxc1 is required to direct the normal differentiation and migration of roof plate and rhombic lip derivatives but is not required for the progression of cell fate specification in the rhombic lip.
Foxc1 expression in mesenchyme influences the proliferation and differentiation of eye and endothelial development by regulating secreted signaling molecules that include Bmp2, Bmp4, Cxcl12 and Tgfb1 (refs. 21-23) . We examined expression of these signaling molecules in E12.5 Foxc1 -/-hindbrain (posterior fossa) to test whether the same molecules direct cerebellar development. All four were significantly reduced in posterior fossa mesenchyme ( Fig. 4d and Supplementary Fig. 5 ). These data provide a possible mechanism by which nonautonomous loss of Foxc1 leads to a severe cerebellar phenotype, as Bmp2, Bmp4 and Cxcl12 are essential for normal EGL development at later postnatal stages 18, 24 and Bmp signaling is known to be critical for Atoh1 expression 16, 18, 25, 26 . It remains possible that additional signaling pathways influence Atoh1 expression. Because our data show that Foxc1-dependent signaling from head mesenchyme also regulates roof plate development, it is possible that some defects in granule cell migration may be mediated by abnormal roof plate signaling. Although complete loss of Foxc1 in mice causes perinatal lethality and a severe cerebellar phenotype, homozygous Foxc1 hypomorphs (Foxc1 hith/hith ), carrying a protein-destabilizing point mutation, survive to adulthood 15 . We observed that Foxc1 hith/hith mice were ataxic and had CVH combined with defects in midline vermis fusion and folial patterning (Fig. 5) . These changes resemble the cerebellar phenotypes seen in individuals with 6p25.3-associated DWM, prompting us to ask whether intragenic mutations of FOXC1 in humans also result in a cerebellar phenotype. We therefore assessed brain imaging studies from three affected individuals, originally ascertained because of anterior eye defects, who harbored heterozygous FOXC1 point mutations in the coding region (resulting in the amino acid substitutions S82T 27,28 and S131L 29 ). Both mutations were previously shown to disrupt DNA binding in vitro 30 . All three of these individuals have mild CVH with normal vermis position and posterior fossa size (Figs. 1 and 2m-o) , proving that partial loss of FOXC1 alone results in a cerebellar malformation in humans.
Our mouse data provide the first evidence that altered gene expression in mesenchyme can result in cerebellar malformation. Because cranial mesenchyme differentiates into skull and meninges surrounding the brain, we also examined the brain imaging studies from our cohort of subjects with 6p25.3 mutations for developmental defects of these structures. We found meningeal defects leading to abnormal positioning of cerebral gyri in 6/17 ( Supplementary Fig. 6 and Supplementary Note) and enlarged posterior fossae (MCM plus DWM) in 12/21 affected individuals. These findings led us to hypothesize that the enlarged posterior fossa characteristic of MCM and DWM, and the meningeal deficiency, result from defective mesenchymal signaling rather than from increased intracranial pressure or other previously proposed mechanisms 3, 4 .
In examining our entire cohort of affected individuals, including those with intragenic FOXC1 mutations, we found complete penetrance and variable expressivity, although with a consistent genotypephenotype correlation. The cerebellar malformations were most severe with large 6p25.3 deletions, intermediate with small deletions or duplications, and least severe with intragenic FOXC1 point mutations ( Figs. 1 and 2 ). This suggests that loss (or gain) of FOXC1 alone is sufficient to cause isolated CVH and contribute to the more severe MCM and DWM phenotypes, whereas loss (or gain) of additional genes increases the likelihood of a more severe phenotype. The phenotypes of intermediate severity found with small deletions or duplications suggest that the nearby genes FOXF2 or GMDS contribute to the more severe phenotype, but other genes may also be involved, given the consistently greater severity that accompanies the very large deletions. We examined the expression of all eight genes within the 6p25.3 DWM locus in control human lymphoblastoid cell lines (LBLs) and found that most genes were expressed at very low or undetectable levels (Supplementary Fig. 7) . Therefore, evaluation of gene expression in LBLs derived from individuals with 6p25.3 CNVs is unlikely to aid our understanding of which additional 6p25.3 genes contribute to the severity of cerebellar phenotypes.
FOX genes exist mostly in clusters throughout the genome and often act synergistically 31 . Three FOX genes (FOXQ1, FOXF2 and FOXC1) occur in tandem within 6p25.3. In mice, Foxf2 briefly shares the Foxc1 hindbrain mesenchyme expression domain 32 , and Foxc1 and Foxq1 are each required for proper endothelial development 13, 23, 33, 34 . No brain phenotype has been reported in Foxq1 -/-or Foxf2 -/-mice, and our examination did not reveal morphological changes in the cerebellum of either mutant (Supplementary Table 2 and data not shown). However, the regulation of cerebellar development via genetic interaction among Foxq1, Foxf2 and Foxc1 has not been evaluated and remains a plausible cause for the severe cerebellar phenotype observed among humans with large 6p25.3 deletions.
Considered together, our data demonstrate that specific loss of FOXC1 and general defects in mesenchymal signaling may result in cerebellar malformations and that the clinical diagnoses of isolated CVH, MCM and DWM belong to a single spectrum with shared etiology in some affected individuals. Our observations have several important implications beyond the developmental biology of these phenotypes. First, the clinical difficulty in distinguishing between isolated CVH, MCM and DWM becomes understandable, and our results should thus lead to more flexible diagnostic criteria. Second, classic DWM is frequently associated with hydrocephalus caused by an unknown mechanism. Our data demonstrate a consistent and unequivocal expansion of the choroid plexus epithelium in Foxc1 -/-mice. We propose that increased cerebrospinal fluid production by an enlarged choroid plexus contributes to hydrocephalus in humans, but this hypothesis requires further analysis in mouse models. Finally, mutations of other genes such as OPHN1 and CASK are associated with CVH or diffuse cerebellar hypoplasia but not with MCM or DWM 35, 36 . Our current working hypothesis is that genes with primary cerebellar expression will be associated with CVH or diffuse cerebellar hypoplasia, whereas genes with posterior fossa mesenchymal expression will be associated with the complete CVH-MCM-DWM spectrum of malformations.
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Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturegenetics/.
Note: Supplementary information is available on the Nature Genetics website. 
